The production and maintenance of flowers is critical for successful reproduction in the 15
Introduction 31
The primary function of flowers in most angiosperms is to promote sexual reproduction by 32 either attracting animal pollinators or promoting pollen dispersal by wind or water. Animal 33 pollinators have long been thought to be one of the most important agents of selection on flowers 34 where W is the water content, and J and E the rates of water supply and loss, respectively. If mass 52 balance of water is to be maintained, then ΔW = 0, and J must equal E. Various factors can 53 influence these rates of water loss from and water supply to flowers. Water can be transpired from 54 flowers via stomata or evaporate through the cuticle from epidermal cells. The relative 55 contributions of these two pathways to the total transpirational flux are unknown and may vary 56 among species. In some taxa, flowers are unable to regulate epidermal conductances to water vapor 57 would be via the xylem, the tissue predominantly used for transporting water throughout the plant. 62
Flowers of some early-diverging, 'basal' angiosperms and magnoliids (the genera Illicium 63 requires coordination between traits associated with water supply and traits associated with water 94 loss. In leaves, a few important traits have been shown to be critical in maintaining water balance 95 closer to the sites of evaporation in the leaf to prevent desiccation of the photosynthetic tissues 99 during CO 2 exchange with the atmosphere. By increasing the supply of water closer to the sites of 100 evaporation, leaves can maintain higher stomatal conductances and photosynthetic rates. In the present study, we measured whole flower hydraulic conductance (K flower ) for 17 species, 109 including one previously published species, from 10 angiosperm families that included the 110 magnoliids, monocots, and the eudicots. We sought to determine the variability of K flower among 111 species and the anatomical and physiological traits associated with this variation. In addition to 112 VLA and stomatal traits, we also measured the Huber ratio (ratio of xylem cross-sectional area to 113 evaporative surface area) and the minimum epidermal conductance to water vapor under non-114 transpiring conditions (g min ). We made four predictions about the hydraulic efficiency and 115 maintenance of water balance in flowers. First, we predicted that there would be positive 116 correlations between water supply traits and water loss traits. Positive correlations between traits in 117 these two suites would suggest that these traits are involved in synchronizing the liquid phase 118 transport of water into flowers and the regulation of vapor phase water losses from flowers. 119
Further, such positive correlations would support the hypothesis that the constraints of maintaining 120 water balance have required coordinated changes in water supply and water loss. Second, we 121 predicted that there would be positive correlations among traits within the two suites of traits. As a 122 result, we predicted that K flower would correlate with both water supply and water loss traits. 123
Coordination between K flower and water balance traits would provide strong support that these traits 124 are mechanistically related to the hydraulic capacity of flowers. 125 126 127
Materials and Methods 128

Plant material 129
We collected flowering shoots from around the University of California, Berkeley, campus 130
and from the University of California Botanic Garden during the springs of 2013 and 2014. All 131 plants had been kept well-watered. We chose a phylogenetically diverse set of species that varied by 132 almost two orders of magnitude in floral display size (Table 1) . These species also varied 133 morphologically, from flowers with undifferentiated perianths to those with a fully differentiated 134 calyx and corolla and from those with free petals to those with sympetalous connation. 135
Additionally, we included inflorescences of Cornus florida (Cornaceae), which have small, 136 inconspicuous flowers but large, white bracts as their showy organs. Although the showy floral 137 structures of this set of species are not homologous, they all serve the same function, namely 138 pollinator attraction. For each species, we measured K flower on at least three flowers, and most species 139 had low variance among individual flowers. Sample sizes for each species are shown in Table 1 . 140
141
Measurements of hydraulic conductance 142
We used a low pressure flow meter to measure hydraulic conductance of whole flowers and 143 developing flower buds (Kolb et al. 1996 ). This method has been shown to be insensitive to 144 variation in irradiance and measures the capacity for water transport into the leaf or flower (Sack et 145 al. 2002) . We chose this method rather than the evaporative flux method because the evaporative 146 flux method depends on maximizing boundary layer conductance. Because of the morphological 147 complexities of flowers (i.e. unlike leaves, flowers are rarely planar), we were not confident we could 148 maximize the boundary layer conductance to obtain realistic maximum values of K flower . However, 149 the low pressure flow meter has the potential to clear any xylem occlusion. We tested this on a 150 subset of species by (1) comparing flow rates when increasing the vacuum pressure to flow rates 151 measured when decreasing the vacuum pressure and (2) by repeatedly measuring the same flower. 152
We found no differences between flow rates measured while increasing the vacuum or while 153 decreasing the vacuum and no significant increase in K flower with subsequent measurements (data not 154 shown). 155
Flowering shoots were excised early in the morning (before 9:00 am) when stem water 156 potentials of plants growing in this area are generally higher than -0.25 MPa. Cut shoots wereimmediately recut under distilled water at least one node apical to the first cut and transported back 158 to the lab in a covered bucket to minimize water loss. Shoots were kept in water in the covered 159 bucket for at least one hour during transport and after returning to the lab before any flowers were 160 excised, allowing for relaxation of xylem tension. We only measured the most recently opened 161 flowers on each plant, based on each flower's development relative to other flowers on the plant. 162
Once in the lab, individual flowers were excised underwater at the pedicel base and connected to 163 hard-walled tubing that led back to an electronic balance (Sartorius CPA225, Sartorius, Goettingen, 164 Germany), on which sat a vial of dilute electrolyte solution (10 mM KCl, filtered to 0.2 um and 165 degassed the morning of measurements). Flowers were placed in a cylindrical acrylic chamber that 166 was attached to a vacuum pump and lined with wet paper towels. Flow rates of KCl solution into 167 the leaf or flower from the balance were measured every 10-60 seconds depending on the absolute 168 flow rate under 5-6 different pressures ranging from 15 to 60 kPa below ambient. At each pressure, 169 flow rates were allowed to stabilize for 3-20 minutes and until the coefficient of variation of the last 170 ten readings was, ideally, less than 5% and the instantaneous measurements converged on the 171 average of the last ten measurements. In practice, low absolute flow rates meant that stable averages 172 could be reached but the coefficient of variation often remained above 5%. To determine K flower , we 173 linearly regressed the flow rates versus pressure and removed, at most, one outlying point from the 174 regression. Immediately after measurements, we scanned the flowers to determine the one-sided 175 projected surface area of all perianth parts, which we used to normalize hydraulic conductance to 176 
Trait measurements 187
The Huber ratio is the ratio of the xylem cross-sectional area to the evaporative surface area. 188
In the laboratory, pedicels of the flowers measured for K flower were sliced underwater using a sharp 189 The minimum epidermal conductance, g min , is the area-normalized conductance to water 205 vapor in the dark, after stomata have been allowed to close (Kerstiens 1996). We measured g min on 206
individual petals or tepals by sealing the cut edges with a thick layer of petroleum jelly and placing 207 the structures in a dark box into which was placed a fan and a temperature and relative humidity 208 sensor. For connate flowers, we measured the entire tubular structure and sealed the cut base with 209 petroleum jelly. Structures sat on a mesh screen while the fan pulled air across the flowers inside the 210 container. Every 5 to 20 minutes, the container was briefly opened and the structure weighed on a 211 balance with a resolution of 0.1 mg. A regression of the linear part of this resulting curve was used 212 to calculate g min . After approximately 10 measurements, each structure was scanned to measure its 213 area and then placed in a drying oven for later dry mass measurement. 214
We used two methods to measure stomatal traits, stomatal density and guard cell length. 215
First, we cleared sections in 2% NaOH, rinsed them briefly in distilled H 2 O, and transferred them 216 into 95% EtOH. Images of the epidermis were made using a compound microscope at 5-40x. We 217 imaged 5-20 fields of view to determine stomatal densities, depending on the abundance of stomata. 218
We also made stomatal impressions using dental putty (Coltene Whaledent President Light Body). 219
Nail varnish impressions of the dental putty were then imaged with a compound microscope. 220
Guard cell length was determined by measuring the maximum length of at least 10 guard cells for 221 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/030122 doi: bioRxiv preprint first posted online Oct. 28, 2015; each species with stomata. The stomatal pore area index (SPI) was calculated as the product of 222 stomatal density and the square of average guard cell length, according to Sack et al. (2003a) . 223
We lacked some trait data for some species but, because of the paucity of K flower 224 measurements, we have chosen to include these species in the present analyses when possible. Data 225
for Magnolia grandiflora were taken from Feild (Feild et al. 2009 ) and so lacked many of the traits we 226 measured. There are no anatomical or structural traits for Magnolia doltsopa, so mean K flower for this 227 species occurs only in Table 1 . 228
229
Statistical analyses 230
For correlations between traits and between traits and K flower , we tested whether there was a 231 significant correlation between variables using the conservative non-parametric Spearman rank 232 correlation. We compared linear, logarithmic, power, and quadratic fits and chose the model with 233 the lowest root mean square error (RMSE If the abundance of xylem conduits were a major limitation to K flower , then species with more 251 abundant xylem, whether as veins in petals and tepals or as conduit cross-sectional area in pedicels, 252
should have higher K flower . In general, xylem traits related to water supply were significantly and 253 . CC-BY 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/030122 doi: bioRxiv preprint first posted online Oct. 28, 2015; positively correlated with K flower (Figure 1 ). There was a significant relationship between K flower and 254 VLA (r s = 0.61, df = 13, P = 0.015), which was best fit by a quadratic relationship (RMSE = 1.53, 255 df = 12). However, within clades only the magnoliids showed a significant effect of VLA on K flower 256 (R 2 = 0.93, F = 63.88, df = 4, P = 0.001). There was no significant relationship between K flower and 257 the Huber ratio (P = 0.84), nor between VLA and Huber ratio (P = 0.85; Figure 3) . 258
Water loss traits were also predicted to correlate with K flower . Consistent with this hypothesis, 259
there was a significant relationship between K flower and g min (r s = 0.52, df = 12, P = 0.05), which was 260 best fit by a quadratic function (RMSE = 1.22, df = 11; Figure 2a Because of the need to maintain water balance, water supply traits and water loss traits were 274 predicted to correlate positively with each other. Indeed, the strongest correlation was between g min 275 and VLA (r s = 0.60, df = 10, P < 0.05), which was best described by a quadratic function (RMSE = 276 6.96, df = 9; Figure 5a ). The strength of this correlation, combined with the strength of correlation 277 between each of these traits and K flower , strengthens the importance of these two water balance traits 278 in influencing floral hydraulic architecture. Within clades, the correlation between g min and VLA was 279 significant only for the magnoliids (R 2 = 0.88, F = 30.82, df = 3, P = 0.012). No other correlations 280 between water supply and water loss traits were significant (Figure 5b-d) . 281
The hydraulic conductance of flowers is almost as variable as that of leaves ( Figure 6 ). 282
However, most of this variation was due to variation among the magnoliids (the genera Magnolia and 283
Calycanthus in the current study), which had values of hydraulic conductance even higher than some 284 leaves. Average K flower of the eudicots was slightly lower than that of the monocots, which was lower 285
than that of the magnoliids. Thus, most flowers, particularly of the monocots and eudicots, had 286 conductances in the low ends of the distributions for leaves and for stems. Only three species in 287 this combined dataset have had hydraulic conductance values measured for both leaves and flowers, 288
and for all of them K leaf was higher than K flower ( 
decline, which drives the movement of water along the soil-plant-atmosphere continuum. In order 299
to maintain turgor and physiological functioning, the capacity to transport liquid phase water should 300 be tightly coordinated with the rates at which water is lost to the atmosphere. In leaves, differences 301 between microenvironments, for example between sun and shade, induce coordinated changes in 302 traits associated with liquid phase and vapor phase conductances to water, lending strong support to 303 the idea that the need to maintain water balance is a critical determinant of leaf structure (Brodribb 304 & Jordan 2011). Although they are much more ephemeral than leaves, flowers must remain turgid 305 to attract pollinators and, as a result, may also need to maintain water balance throughout anthesis. 306
How they do this has been a point of controversy, with some suggesting that water is delivered 307 
2009). 310
In the present study, we took a different approach to examining variability in the hydraulic 311 capacity of recently opened flowers from a phylogenetically diverse set of species. Our results 312
showed that K flower is linked to anatomical and physiological traits associated with water supply and 313 loss. K flower increased significantly with increasing VLA (Figure 1) , suggesting that the xylem is 314 involved in the delivery of liquid water to petals and tepals. K flower also increased with increasing g min , 315
suggesting that the capacity for water transport through flowers is coordinated with rates of water 316 loss from them (Figure 2) . The coordination between liquid phase water supply and vapor phase 317 The insensitivity of K flower to VLA variation among these low VLA species has two possible 386 implications. First, veins in these species may not conduct water during anthesis, and the 387 predominant source of water for the flower may be delivered by the phloem in response to carbon 388 demand. However, estimates of the water flux that could be delivered by the phloem given 389 estimates of the carbon demand of flowers suggest that the phloem alone cannot supply enough 390 water to meet transpiration (Chapotin et al. 2003) . Second, the near absence of stomata on flowers 391 with low VLA and the low g min of these flowers may mean that the resistance in the hydraulic 392 pathway between the vein and the epidermis may be so high that the flux rate of water through the 393 veins may be spatially and temporally decoupled from rates of transpiration. VLA, relative to the 394 distance between vein and stoma has been shown to be optimized for transpiration in leaves 395 
Sakuratani 2006). 406
There may be a strong phylogenetic component to the tradeoffs among the strategies 407 described here. Our results suggest that variation in how flowers maintain water balance may be 408 associated with coordinated shifts in anatomical and physiological traits. On one end of the 409 spectrum would be species that maintain a high K flower with high VLA, g min , and stomatal densities. 410
On the other end of the spectrum would be species that have low K flower due to low VLA, g min , and 411 few or no stomata. The coordination of traits associated with water supply and water loss supports 412 our hypothesis that the maintenance of water balance is fundamental to the functioning of flowers 413 
Caveats about comparative physiology of non-homologous floral structures 421
Measuring floral physiology at the broad phylogenetic scales used in the current study 422 requires comparing non-homologous structures. For example, the showy organs of flowers in our 423 dataset included undifferentiated tepals of the magnoliids and monocots, bracts of Cornus florida, and 424 petals of the eudicots (Table 1 ). Measuring and calculating K flower and other traits required 425 normalizing flux measurements by an evaporative surface area. In the present study, we chose to 426 normalize by the showy display organs that would be attractive to pollinators responding to visual 427 cues. For these flowers, the showy organs also represent the majority of their evaporative surfaces 428
areas. Yet, other floral organs whose surface areas we did not measure could also contribute to 429 transpirational water losses. While comparing non-homologous structures is not ideal, these 430 structures nonetheless perform similar pollinator functions, which, we believe, warrants their 431 comparison. We are not ruling out the possibility that there may, in fact, be differences between 432 flowers associated with differences in perianth differentiation; indeed, our results suggest that among 433 clades differing in perianth differentiation there is significant variation in hydraulic architecture. 
